The tetrodotoxin-resistant sodium channel ␣ subunit Nav1.8 is expressed exclusively in primary sensory neurons and is proposed to play an important role in sensitization of nociceptors.
The tetrodotoxin-resistant sodium channel ␣ subunit Nav1.8 is expressed exclusively in primary sensory neurons and is proposed to play an important role in sensitization of nociceptors.
Here we compared visceral pain and referred hyperalgesia in Nav1.8-null mice and their wild-type littermates in five tests that differ in the degree to which behavior depends on spontaneous, ongoing firing in sensitized nociceptors. Nav1.8-null mice showed normal nociceptive behavior provoked by acute noxious stimulation of abdominal viscera (intracolonic saline or intraperitoneal acetylcholine). However, Nav1.8-null mutants showed weak pain and no referred hyperalgesia to intracolonic capsaicin, a model in which behavior is sustained by ongoing activity in nociceptors sensitized by the initial application. Nav1.8-null mice also showed blunted pain and hyperalgesia to intracolonic mustard oil, which sensitizes nociceptors but also provokes tissue damage. To distinguish between a possible role for Nav1.8 in ongoing activity per se and ongoing activity after sensitization in the absence of additional stimuli, we tried a visceral model of tonic noxious chemical stimulation, cyclophosphamide cystitis. Cyclophosphamide produces cystitis by gradual accumulation of toxic metabolites in the bladder. In this model, Nav1.8-null mice showed normal responses. There were no differences between null mutants and their normal littermates in tissue damage and inflammation evoked by any of the stimuli tested, suggesting that the behavioral differences are not secondary to impairment of inflammatory responses. We conclude that there is an essential role for Nav1.8 in mediating spontaneous activity in sensitized nociceptors.
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Tissue damage or inflammation provokes an increase in sensitivity and spontaneous firing of action potentials in primary afferent nociceptors. This process, known as sensitization, gives rise to primary hyperalgesia (hypersensitivity at the site of injury) and ongoing pain. The ongoing nociceptor firing is also essential to establish and maintain secondary hyperalgesia (touch-evoked pain in undamaged tissue). The molecular mechanisms underlying nociceptor sensitization are not fully understood, but there is evidence for the involvement of voltage-gated sodium currents, particularly those that are resistant to tetrodotoxin (TTX). When primary afferent cell bodies in culture are exposed to inflammatory mediators known to produce sensitization of nociceptor terminals, TTX-resistant (TTX-r) sodium currents are enhanced (England et al., 1996; Gold et al., 1996) . TTX-r currents are expressed in small-and medium-sized sensory neurons, which are primarily nociceptive (for review, see Waxman et al., 1999; Baker and Wood, 2001) .
Two sodium channel ␣ subunits that mediate TTX-r currents in primary afferent neurons have been cloned, Nav1.8 and Nav1.9 (for review, see Waxman et al., 1999) . Studies of dorsal root ganglion (DRG) neurons from mice carrying a null mutation of the Nav1.8 gene indicate that Nav1.8 accounts for practically all TTX-r current during action potentials in these neurons (Akopian et al., 1999) . Behavioral studies in Nav1.8-null mice have revealed a complete absence of responses to a tonic noxious mechanical stimulus and attenuated primary (thermal) hyperalgesia evoked by intraplantar injection of nerve growth factor (Akopian et al., 1999; Kerr et al., 2001) . Inhibiting the expression of Nav1.8 protein using antisense oligonucleotides also reduces primary hyperalgesia produced by intraplantar prostaglandin E 2 or Freund's adjuvant in rats (Khasar et al., 1998; Porreca et al., 1999) .
Sensitization of primary afferent nociceptors plays a key role in many forms of visceral pain. TTX-r currents are present in the majority of visceral afferents (Yoshimura et al., 1996; Su et al., 1999) , and treatment with Nav1.8 antisense reduces spinal Fos expression evoked by bladder irritation with acetic acid (Yoshimura et al., 2001 ). Both sets of data suggest a role for Nav1.8 in visceral nociceptive pathways, and therefore, we have assessed visceral pain behavior in Nav1.8-null mice. Previous studies have concentrated on the role of Nav1.8 in primary hyperalgesia (Khasar et al., 1998; Akopian et al., 1999; Porreca et al., 1999; Kerr et al., 2001 ). Here we have chosen instead to focus on spontaneous pain behavior and secondary hyperalgesia. We have used five different tests that differ in the degree to which pain and hyperalgesia depend on spontaneous, ongoing firing in sensitized nociceptors.
MATERIALS AND METHODS
Adult male mice were used. Mice homozygous for the disrupted allele (Ϫ/Ϫ or null) were compared with littermate wild-type (ϩ/ϩ) mice (Akopian et al., 1999) . All experiments were performed blind to the genetic status of the animals in a room in which the temperature and humidity were controlled (21°C Ϯ 1, 45% Ϯ 5, respectively). The animals were habituated to the test environment for Ն30 min before the test started. After testing, the mice were humanely killed. European Union and State legislation regulating animal experiments were followed. Statistical analyses were performed using ANOVA with post hoc tests or Mann -Whitney U or Student's t tests, as appropriate. The level of statistical significance was set at p Ͻ 0.05.
Behavioral responses to intraperitoneal injections of acet ylcholine. The mice were placed individually in plastic boxes (20 ϫ 27 ϫ 15 cm). Behaviors counted were: (1) licking of the abdomen, (2) stretching, and (3) squashing of the abdomen against the floor. A volume of 0.3 ml of acetylcholine (0.3 mg /ml) was given intraperitoneally, and the behavior of the mice was observed for 10 min (n ϭ 6 -7/group).
Behavioral responses to stimulation of the colon. The methods used were as we have described previously (Laird et al., 2001) . Briefly, 0.05 ml of the test substance was administered into the colon. In separate experiments, the effect of isotonic saline, 0.1% capsaicin (in 10% ethanol, 10% T ween 80, and 80% saline; Tocris Cookson, Ballwin, MO), and 1% mustard oil (in 70% ethanol; Aldrich, Milwaukee, W I) were tested. The animal was placed on a raised wire mesh. The spontaneous behavior was observed for 20 min. Behaviors counted were: (1) licking of the abdomen, (2) stretching the abdomen, (3) squashing of the lower abdomen against the floor, and (4) abdominal retractions. The latency of the first such behavior was noted, as were the number and type of behaviors displayed. Referred hyperalgesia was measured by testing the frequency of withdrawal responses to the application of von Frey hairs to the abdomen and hindpaws before intracolonic administration (baseline) and 20 min after.
Cyclophosphamide c ystitis. Behavioral experiments examining the effect of cyclophosphamide over 4 hr postinjection were performed in ϩ/ϩ and Ϫ/Ϫ mice (n ϭ 8 -10/group) according to the methods we have described previously (Olivar and Laird, 1999; Laird et al., 2000) . The mice were placed individually in plastic cages. After intraperitoneal injection of 300 mg / kg cyclophosphamide (Sigma, Madrid, Spain) dissolved in saline, the mice were observed for 2 min every 30 min for 4 hr, and their behavior was coded according to the following scale: 0, normal; 1, piloerection; 2, strong piloerection; 3, labored breathing; 4, licking of the abdomen; and 5, stretching and contractions of the abdomen. If more than one of these behaviors was noted in one observation period, the sum of the corresponding points was assigned. The day before cyclophosphamide treatment and again at the end of the 4 hr observation period, the responses to mechanical stimulation of the abdomen were tested using von Frey hairs as described above.
After behavioral testing, the animals were killed, and the bladder was removed, opened, and pinned out. Digital photographs of the mucosal side of the entire bladder were taken at 10ϫ magnification. The degree of damage to the mucosa was assessed from the stored digital images.
Plasma e xtravasation in the viscera evok ed by chemical stimulation. Evan's Blue (50 mg / kg, i.v.) was administered 18 hr before behavioral testing to allow subsequent quantification of plasma extravasation in the bladder or colon. The affected viscus was removed postmortem for determination of Evan's Blue content. The tissue was dried and weighed, the dye was extracted in formamide (60°C for 24 hr), and the absorbance was measured with a spectrophotometer ( ϭ 620 nm).
RESULTS
Nav1.8-null mice showed no overt differences from wild-type littermates in general behavior or locomotor skills, as reported previously (Akopian et al., 1999) . We examined the gross morphology of the abdominal viscera and found no differences between genotypes. We also compared the wet weight at postmortem of the stomach, small intestine, large intestine, and urinary bladder in ϩ/ϩ and Ϫ/Ϫ mice (n ϭ 6/genotype) and found no significant differences (data not shown).
Nav1.8-null mice show normal responses to acute noxious visceral stimuli
The response to intracolonic instillation of 0.1 ml of isotonic saline was tested in ϩ/ϩ and Ϫ/Ϫ mice. This procedure evoked a mild, brief episode of abdominal licking in both genotypes, as shown in Figure 1 A. There were no differences in the number, latency, or type of behaviors between genotypes, indicating that Nav1.8 is not required for detection of acute mechanical stimuli. We also tried another acute stimulus, intraperitoneal acetylcholine. Acetylcholine excites nociceptors without sensitizing them (Steen and Reeh, 1993) and also provokes intense smooth-muscle contractions sufficient to excite visceral receptors (Cervero and Sharkey, 1988) ; therefore, it is an acute mixed noxious stimulus. In ϩ/ϩ mice (n ϭ 6), intraperitoneal injection of acetylcholine evoked a brief but intense episode of abdominal contractions (mean number of behaviors, 57 Ϯ 4) lasting Ͻ10 min. Nav1.8-null Figure 1 . Spontaneous visceral pain-related behavior in wild-type (ϩ/ϩ) and Nav1.8-null (Ϫ/Ϫ) mice. A, Mean Ϯ SEM number of behaviors per 5 min observation period in the first 20 min after intracolonic instillation of 0.1% capsaicin (n ϭ 6 per group) or isotonic saline (n ϭ 10 per group). B, Mean Ϯ SEM number of behaviors per 5 min observation period in the first 20 min after intracolonic instillation of 1% mustard oil (n ϭ 6 per genotype). C, Time course of mean Ϯ SEM behavioral scores assigned at 30 min intervals over the 4 hr observation period after intraperitoneal injection of 300 mg/kg cyclophosphamide (n ϭ 6 per genotype). For details of scoring system, see Materials and Methods. ‫ء‬p Ͻ 0.05 and ‫‪p‬ءء‬ Ͻ 0.01 where a significant difference between ϩ/ϩ and Ϫ/Ϫ mice was observed, respectively. mice (n ϭ 6) showed no significant differences from ϩ/ϩ mice in the number of behaviors evoked by intraperitoneal acetylcholine (mean number, 51 Ϯ 6), nor was there any difference in the type of behaviors or latency to the first behavior, suggesting that Nav1.8 is not required for detection of acute noxious stimuli in viscera.
Nav1.8-null mice show blunted responses to sensitizing visceral stimuli
Capsaicin produces activation of nociceptors followed by prolonged ongoing activity (because of sensitization) in the absence of additional stimulation (for discussion, see Laird et al., 2001) . Intracolonic capsaicin in ϩ/ϩ mice (n ϭ 6) evoked a strong reaction with a mean latency to the first pain behavior of 17 Ϯ 2 sec. The reaction consisted of abdominal licking and contractions and lasted for Ն20 min with a gradually decreasing intensity over time (Fig. 1 A) . Null mutants (n ϭ 6) showed a weak pain reaction with significantly fewer behaviors observed (Fig. 1 A) after application of intracolonic capsaicin. Furthermore, the latency to the first behavior was significantly longer (mean, 28 Ϯ 4 sec). Although the response of Ϫ/Ϫ mice to capsaicin was significantly less than that evoked in ϩ/ϩ mice, it was still greater than that evoked by intracolonic isotonic saline in either genotype.
We subsequently tried the effect of intracolonic 1% mustard oil, because this stimulus activates and sensitizes a mixed population of afferents and also produces tissue damage, in contrast to intracolonic capsaicin, which activates only afferents expressing transient receptor potential V1 (TrpV1 or V1) and produces a pure neurogenic inflammation (Laird et al., 2000 (Laird et al., , 2001 . In ϩ/ϩ mice (n ϭ 6), intracolonic mustard oil provoked a vigorous pain reaction similar to that seen after intracolonic capsaicin (Fig. 1 B) . The response to intracolonic mustard oil in Ϫ/Ϫ mice (n ϭ 6) was initially similar. The latency to the first behavior was not significantly different between genotypes, nor was the number of behaviors observed during the first 5 min. However, thereafter, the pain reaction to mustard oil was substantially weaker in Ϫ/Ϫ mice compared with ϩ/ϩ mice. These differences in the intensity of the reaction were statistically significant overall (ANOVA; p Ͻ 0.05), and post hoc tests revealed significant differences from 5 min onward.
Nav1.8-null mutants show no referred hyperalgesia after intracolonic capsaicin and weak hyperalgesia after intracolonic mustard oil
Tests of mechanical sensitivity of the abdomen and hindpaw 20 min after intracolonic capsaicin in ϩ/ϩ mice revealed a marked shift of the stimulus response function to the left compared with baseline, evidence of referred hyperalgesia. Significant referred hyperalgesia was seen in both the abdomen (data not shown) and the hindpaws (Fig. 2 A) . In contrast, Ϫ/Ϫ mice did not show a significant increase in mechanical sensitivity after intracolonic capsaicin either in the hindpaws (Fig. 2 A) or the abdomen and thus failed to develop signs of referred hyperalgesia. The intracolonic application of mustard oil resulted in significant referred hyperalgesia in both ϩ/ϩ and Ϫ/Ϫ mice (Fig. 2 B) . However, the hyperalgesia observed in Ϫ/Ϫ mice was significantly weaker than that shown by ϩ/ϩ mice. Nav1.8-null mice showed blunted pain responses to intracolonic capsaicin or mustard oil. In these models, pain and hyperalgesia, once initiated, are likely maintained by ongoing activity in sensitized nociceptors in the absence of additional stimuli (Laird et al., 2000; Schmelz et al., 2000) . These observations could be explained by an involvement of Nav1.8 in sustained spontaneous activity in nociceptors as a result of sensitization, as has been proposed previously (McCleskey and Gold, 1999; Schmelz et al., 2000) . However, the present data could also be explained by a role of Nav1.8 in the maintenance of prolonged firing evoked by visceral stimuli. To distinguish between these two possibilities, we tested the responses of Nav1.8-null mice in a model of cyclophosphamide cystitis, where the noxious chemical stimulus tonically increases throughout the test period; thus, the behavior does not depend on sustained spontaneous activity in sensitized nociceptors in the absence of additional stimulation.
Nav1.8-null mice show normal pain responses to cyclophosphamide-induced cystitis
The systemic administration of cyclophosphamide in ϩ/ϩ mice (n ϭ 6) produced a gradually increasing display of visceral Figure 2 . Referred visceral hyperalgesia in wild-type (ϩ/ϩ) and Nav1.8-null (Ϫ/Ϫ) mice. Referred visceral hyperalgesia was measured as responses to mechanical stimulation of the hindpaws with von Frey hairs of five intensities in wild-type and Nav1.8-null mice. Data are shown as mean percentage response frequency Ϯ SEM before (baseline) and 20 min after intracolonic instillation of 0.1% capsaicin ( A), 20 min after intracolonic instillation of 1% mustard oil ( B), and 4 hr after 300 mg/kg intraperitoneal cyclophosphamide ( C). ‫ء‬p Ͻ 0.05, indicates forces where a significant difference between ϩ/ϩ and Ϫ/Ϫ mice was observed. ANOVA revealed a significant difference overall between genotypes 20 min after intracolonic capsaicin ( p ϭ 0.03) and mustard oil ( p ϭ 0.02) but not after cyclophosphamide.
nociceptive behaviors that were scored every 30 min. The behavioral response was clearly established 90 -120 min after cyclophosphamide treatment and continued increasing for the remainder of the 4 hr observation period. Nav1.8-null mice (n ϭ 6) showed a very similar behavioral response to systemic cyclophosphamide, such that the number and time course of behaviors were not significantly different (Fig. 1C) . Both ϩ/ϩ and Ϫ/Ϫ mice also showed marked referred hyperalgesia when tested at 4 hr after cyclophosphamide (Fig. 2C ). This referred hyperalgesia was not significantly different between genotypes.
Nav1.8-null mice show normal inflammatory responses to noxious visceral stimuli
At the end of the behavioral experiment, the affected viscus (descending colon or urinary bladder) was removed postmortem, and plasma extravasation was assessed by measuring Evan's Blue content. There were no significant differences between ϩ/ϩ and Ϫ/Ϫ mice in the degree of plasma extravasation induced by the different stimuli (Table 1) . However, there were clear differences in the plasma extravasation between the different types of stimulus. For example, intracolonic mustard oil produced approximately fourfold more plasma extravasation than intracolonic capsaicin in both genotypes.
In normal animals, cyclophosphamide treatment produces mucosal erosion and hemorrhage of the bladder in addition to edema (Fraiser et al., 1991 ). An observer who was unaware of the genotype scored bladder mucosal damage from digital images of the tissue obtained at postmortem. No significant differences between genotypes were found (data not shown).
DISCUSSION
In the present study, we found that Nav1.8-null mice showed blunted responses and no referred hyperalgesia in response to intracolonic capsaicin. After application of an acute tissuedamaging inflammatory stimulus, intracolonic mustard oil, Nav1.8-null mice also showed attenuated visceral pain and hyperalgesia. However, Nav1.8-null mice showed no deficits in pain behavior provoked by acute noxious mechanical or mixed mechanical/chemical stimulation of the abdominal viscera or in pain and hyperalgesia evoked by cyclophosphamide cystitis. In all cases, tissue damage and inflammation were no different in Nav1.8-null mice compared with their wild-type littermates.
Nav1.8 is not required for visceral neurogenic or non-neurogenic inflammation
In the present study, Nav1.8-null mice showed no differences from wild type in inflammatory responses to intracolonic capsaicin or to cyclophosphamide, which provokes visceral inflammation wholly or partly via neurogenic mechanisms (Maggi et al., 1992; Laird et al., 2000) . Similarly, there were no differences between genotypes in inflammatory responses to intracolonic mustard oil, which is capable of producing inflammation in denervated tissue and thus does not depend on neurogenic mechanisms (Laird et al., 2000) . Akopian et al. (1999) have shown previously that Nav1.8 is not required for the development of soft-tissue inflammation after intraplantar carrageenan. Therefore, the differences in pain behavior between Nav1.8 ϩ/ϩ and Ϫ/Ϫ mice appear not to be caused by differences in the degree of inflammation evoked by the test stimuli.
Nav1.8 is not required for responses to acute, noxious visceral stimuli
Intracolonic isotonic saline, which produces a brief distension, and intraperitoneal acetylcholine are acute noxious stimuli that do not provoke sensitization of nociceptors or evidence of referred hyperalgesia. Nav1.8-null mice responded normally to these stimuli. We also found that responses to phasic mechanical stimuli applied to the skin were intact in Nav1.8-null mice when testing responses to von Frey hairs applied to the abdomen and paws, as described previously by Akopian et al. (1999) . Therefore, Nav1.8 is not essential for normal behavioral responses to acute noxious visceral stimuli.
Nav1.8 is required for the expression of normal visceral pain and hyperalgesia to intracolonic capsaicin or mustard oil
Nav1.8-null mice showed markedly reduced pain responses and no referred hyperalgesia in response to intracolonic capsaicin. After intracolonic mustard oil, Nav1.8-null mice showed attenuated visceral pain and hyperalgesia, but the reduction was less pronounced than after capsaicin. The difference between the responses to these stimuli may be ascribed to the different populations of afferents excited. Capsaicin selectively activates afferent endings expressing VR1 receptors, probably all of which are nociceptors (Caterina and Julius, 2001) , and evokes a pure neurogenic inflammation in the colon (Laird et al., 2000) . Experiments in isolated DRG neurons labeled from the rat colon have shown that all colon afferents responding to capsaicin expressed large TTX-r sodium currents (Su et al., 1999) . This coexpression may explain why the behavioral response to intracolonic capsaicin was so markedly reduced in Nav1.8-null mice in the present study.
Mustard oil excites all classes of unmyelinated afferents, because it is a nonspecific pore-forming substance, and also sensitizes nociceptors (Kress and Reeh, 1996) . Tissue damage produced by pore formation in other cell types likely also contributes to a more prolonged activation of nociceptors. The majority of afferents expressing Nav1.8 has unmyelinated axons (Amaya et al., 2000) , and most identified nociceptors examined express Nav1.8 (Fang et al., 2001 ). However, afferents that do not express Nav1.8 but are excited by mustard oil may account for the less pronounced deficit in mustard oil-evoked behavior in Nav1.8-null mice.
Role for Nav1.8 in responses that depend on ongoing activity in sensitized visceral nociceptors
The blunted pain and hyperalgesia to chemical stimuli (intracolonic capsaicin or mustard oil) in Nav1.8-null mice could be attributable to participation of Nav1.8 in sustained spontaneous activity in sensitized nociceptors in the absence of additional stimuli or to an involvement of Nav1.8 in sustained activity per se. The sustained pain and hyperalgesia after capsaicin rely on ongoing activity in nociceptors sensitized by the initial application. As well as sensitizing nociceptors, mustard oil provokes tissue damage, thus providing an additional source of ongoing input that may account for the less pronounced deficit in mustard oil-evoked behavior in Nav1.8-null mice.
A role for Nav1.8 in sustained firing and in control of the firing threshold has been proposed on the basis of the kinetic properties of the channel (McCleskey and Gold, 1999; Baker and Wood, 2001) , and a specific role of Nav1.8 in prolonged capsaicin-evoked firing in sensitized nociceptors has also been proposed (Schmelz et al., 2000) . An involvement in spontaneous firing in sensitized visceral nociceptors is also supported by the observations of Yoshimura et al. (2001) using a stimulus that acutely sensitizes bladder afferents, infusion of dilute acetic acid into the bladder. They found that spinal Fos expression was inhibited in rats given Nav1.8 antisense compared with rats given mismatch oligonucleotides.
To distinguish between the two possibilities discussed above, we tested the responses of Nav1.8-null mice to intraperitoneal cyclophosphamide. Cyclophosphamide administration produces cystitis as a result of the accumulation in the bladder of a toxic metabolite, acrolein, excreted in urine (Cox, 1979; Fraiser et al., 1991) . Acrolein bladder toxicity produces neurogenic edema (Olivar and Laird, 1999; Laird et al., 2000) . The toxin accumulates during the course of the 4 hr experiment, and the urothelial barrier gradually breaks down. This slow accumulation is accompanied by a slow increase in pain behaviors likely caused by the increasing stimulus intensity and the progressive recruitment of new populations of bladder nociceptors. Nav1.8-null mice showed no differences from wild types in the pain or referred hyperalgesia induced by cyclophosphamide cystitis, although the majority of bladder afferent neurons express TTX-r currents (Yoshimura et al., 1996) . These data suggest that Nav1.8 is not essential for the behavioral response to tonic noxious chemical stimuli. However, the present data do not preclude the possibility that Nav1.8 plays a partial role in the pain behavior produced by this type of stimulus but that compensatory overexpression of other sodium channel subtypes in the Ϫ/Ϫ mice masks the full Nav1.8-null phenotype. This type of phenotype masking occludes a deficit in thermal hyperalgesia caused by intraplantar carrageenan in these mice (Akopian et al., 1999) .
We conclude that the complete lack of referred hyperalgesia and a greatly attenuated pain response after capsaicin observed in Nav1.8-null mice support the idea that Nav1.8 has an essential role in mediating sustained spontaneous activity in sensitized nociceptors. The attenuated response to intracolonic mustard oil in Nav1.8 Ϫ/Ϫ mice provides additional support for this hypothesis. Our data also suggest that Nav1.8 is not required for normal responses to tonic noxious chemical stimuli or acute noxious stimuli.
